Introduction
Cyclic ketals are of particular importance in organic synthesis as well as strongly implicated in several interesting fields including organic material sciences. 1−8 They are embedded in a plethora of molecules displaying very important pharmaceutical properties. 9, 10 As an example, ketoconazole is a synthetic antifungal drug used to prevent and to treat fungal infections, especially in immunocompromised patients such as those with AIDS.
11−13
Dioxolane guanosine has exhibited potential anti-HIV activity 14, 15 and O-ddc has proved to be an antitumor, anti-HIV, and anti-HBV agent 16, 17 ( Figure 1 ). Methods are available for the conversion of carbonyl groups in aldehydes and ketones to their corresponding cyclic ketals. 18 Yu and Zhang reported the synthesis of α -chloroketone acetals using iodobenzene dichloride in the presence of 4-Å molecular sieves. 19 Cerium(III) trifluoromethane sulfonate is also a suitable catalyst to convert hydroxyacetophenones into the corresponding * Correspondence: wided-hagui@hotmail.fr
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ethylene acetals in the presence of ethane-1,2-diol and tri-isopropyl orthoformate as a water scavenger. 20 The synthesis of cyclic acetals can be achieved efficiently via acetalization of an aldehyde under mild reaction conditions in the presence of trialkyl orthoformate and a catalytic amount of tetrabutylammonium tribromide. 21 Although these methods have been effective and have shown satisfactory results, they suffer from several drawbacks, such as corrosion, tedious work-up, environmental pollution, and nonrecoverability of catalysts. On the other hand, heterogeneous catalysts have emerged as a suitable alternative to green synthesis, as they are easily separated from products by simple filtration and they can be recovered and reused. Moreover, heterogeneous catalysts often avoid the contamination of the final product, which is essential for further implementation in the pharmaceutical market. Various heterogeneous catalysts have been used in acetalization reactions. 22−24 As an example, ester sulfate functionalized as ionic liquid is a highly effective catalyst for the acetalization of aldehydes and ketones with glycerol. 25 Ion exchange resins such as niobium phosphate have been evaluated in the acetalization of hexanal under mild reaction conditions. 26 The synthesis of dioxolanes catalyzed by tungstosilicic acid supported on activate carbon has also been reported. 27 Furthermore, mesoporous aluminosilicate can effectively catalyze the reaction between carbonyl compounds and methanol.
28,29
The discovery of natural materials with high catalytic performance represents an alternative to pollutant and corrosive homogeneous catalysts. 30−33 Natural aluminosilicates such as zeolites and more particularly clays are economical, recyclable, nontoxic, noncorrosive, easy to handle, and effective catalysts in several chemical transformations. 34−37 The use of these materials as heterogeneous catalysts is a powerful and interesting method for the development of green protocols by minimizing the dangerous waste related to organic syntheses. Natural or modified clays are effectively used in a wide range of chemical reactions such as reduction of methylene blue, 38 esterification reactions, 39 hydroxylations of arylboronic acids, 40 cyclization reactions, 41 hydration of nitriles to amides, 42 allylsilylations of aromatic and aliphatic alkenes, 43 and synthesis of 1,3-oxazines. 44 In addition, these reactions are often carried out under mild conditions, providing high yields with good selectivities. In this context and based on our previous results, 45−47 we wish to report a safe, simple, and easy to handle protocol for the transformation of various ketones into their corresponding cyclic ketals such as 1,3-dioxolanes and 1,3-dioxanes under solvent-free conditions and without catalyst contamination using acid activated clay (Clay-H0.5) as a green and recoverable catalyst. In addition, selected 1,3-dioxolanes have been evaluated for possible biological activity as antileishmanial, antibacterial, and antifungal agents. We have also tested their cytotoxic activities.
Results and discussion

Catalyst characterization
Clay-H0.5 was prepared from crude clay (CC) collected from Djebel Haidoudi in southeastern Tunisia. For the introduction of acidic sites, the CC was treated with an HCl aqueous solution for 0.5 h. The X-ray diffraction (XRD) pattern of the original clay is given in Figure 2 . This diffraction shows that the CC contains sharp and strong reflections, d 001 = 14.02 Å (2 θ = 7°) and d 002 = 4.25 Å (2 θ = 24.89°), which are typical characteristic peaks of smectite. The presence of quartz as a nonclay mineral is detected by the well-defined reflection at the 2 θ value of 26.52°and it is in relation with the high contents of silica ( Table 1 ). The low peak at the 2 θ value of 12.35°is characteristic of the kaolinite phase in trace amounts, which is also confirmed by IR bands at 3693 cm −1 and 692 cm −1 ( Figure 3 ). In addition, the presence of reflections at d 060 = 1.49 Å (2 θ = 62°) and the two IR bands located at 3623 cm −1 and 924 cm −1 indicate that the smectite is dioctahedral. The XRD motifs obtained from Clay-H0.5 do not show a significant change. On the other hand, the IR spectrum of the parent smectite shows the typical bands of this material ( Figure 3 The specific surface area (S BET ) and the cation exchange capacity (CEC) of Clay-H0.5 are also directly dependent on the dissolution of cations ( Table 1 ). The CEC of the Clay-H0.5 sample decreases compared to the parent clay. The low value of CEC suggests the exchange of the residual interlayer cations. Furthermore, S BET increases significantly after acid treatment from 78.24 to 186.10 m 2 /g. This increase might be due to the decrease in the crystallite size and improvement in the microporous nature, increasing the nitrogen accessibility. The CC has low accessibility to N 2 , which is due to the low size of the pores caused by the blocking of the interlayer spacing. The pore volume (PV) also increases from 0.186 to 0.281 cm 3 /g. This increase of PV is essentially related to the creation of micropores, which is confirmed by FE-SEM micrographs. Figure 4 shows the scanning electron micrographs (SEMs) of CC ( Figure 4a ) and Clay-H0.5 ( Figure 4b ). The SEM micrographs clearly exhibit very different surface morphologies for CC and Clay-H0.5, especially the emergence of porosity.
Synthesis of cyclic ketals derivatives
We have investigated the catalytic activities of CC and Clay-H0.5 in the acetalization of acetophenone under mild conditions (Scheme 1). The catalyst CC led to dioxolane 1 in only 29% yield. In contrast, Clay-H0.5 produced dioxolane 1 in higher yield (66%). This result suggests that Clay-H0.5 displays higher catalytic performance than CC due to the generation of a higher number of acidic sites and enhanced catalytic properties including surface area and PV.
Next we investigated the influence of some parameters (i.e. reaction temperature and reaction time) in acetalization of acetophenone with ethane-1,2-diol using Clay-H0.5 under solvent-free conditions (Table 2) . First, a small conversion into the desired product was obtained at low temperatures in the presence of 10 wt.% Clay-H0.5 ( Table 2, temperatures. Indeed, different solid acid catalysts, such as rare earth exchanged zeolites, K-10 montmorillonite clay, and cerium exchanged montmorillonite clay, have been used in the reaction between acetophenone and methanol. 29 These different catalysts have also exhibited low reactivity at ambient temperature for 10 h. In contrast, at 80°C and even at 110°C, higher yields of 66% and 70% were observed (Scheme 1 and Table 2 , entry 3). However, a higher temperature of 140°C resulted in a decrease in the yield of dioxolane 1 ( Table 1, entry 4). A reduced reaction time of 6 h (or 3 h) provided similar yields in favor of the desired product 1 ( Table   2 , entries 5 and 6), but a reaction time of 1 h gave an incomplete reaction ( Table 2 , entry 7). In the presence of a low catalytic amount of catalyst, the formation of dioxolane 1 was obtained in 53% yield (Table 2, entry   8 ). Finally, due to ecofriendly concerns, we chose to perform the ketalization of ketones at 80°C for 3 h in the presence of 10 wt.% Clay-H0.5. It should be noted that in all cases only the ketalization product was obtained.
We further investigated the recyclability and the durability performance of Clay-H0.5 in ketalization of acetophenone with ethane-1,2-diol under the optimized conditions. The immobilized catalyst could be recycled at least up to six times and without significant loss of its catalytic activity ( Figure 5 ), which indicates that the Clay-H0.5 has great potential to be a good catalyst for efficient industrial utilization. However, the recovered catalyst should be washed with water, THF, or CH 2 Cl 2 and then dried at 80°C for 6 h to facilitate its reuse. Having found the best reaction conditions, the scope of the reaction was examined using a variety of ketones and diols. Aliphatic ketones such as pinacolone, butanone, and chloroacetone were reacted with ethane-1,2-diol in the presence of Clay-H 0.5 (Scheme 2). Pinacolone showed a low reactivity in ketalization, affording dioxolane 2 in only 42% yield, which could be due to steric factors. The ketalization reaction was performed at 70°C to afford dioxolane 3 in slightly better yield. 2-(Chloromethyl)-2-methyl-1,3-dioxolane 4 was isolated in 65% yield. Dioxolane 5 was prepared from phenylacetone and it was isolated in 70% yield. The reaction is slightly sensitive to the steric factor since dioxolane 6 was obtained in only 54% yield, using 2-chloroacetophenone as the starting product. Benzophenone, bearing an electron-donating group at para-positions such as Me, was smoothly reacted to give 7 in 52% yield, whereas benzophenones substituted by electron-withdrawing groups displayed higher reactivity to afford 1,3-dioxolanes 8 and 9 in 74% and 85% yields, respectively. 4-Chlorobenzophenone was found to be unreactive under these conditions, probably due to both steric and electronic factors. The less congested chalcone reacted with ethane-1,2-diol to give 11 in 52% yield. 4'-Chloroacetophenone was converted into the corresponding cyclic ketal 12 in 63% yield.
Furthermore, 2-halo-1-arylethan-1-ones were found to be suitable starting products, as cyclic ketals 13 and 14 were isolated in 58% and 92% yields, respectively. The new 1,3-dioxolane 15 was also obtained in 68% yield. An efficient process that could directly prepare α -haloacetal of ketones from various ketones with Scheme 2. Scope of ketones using Clay-H0.5.
N -halosuccinimide and ethylene glycol at room temperature for 24 h has been reported. 48 Herein, we have demonstrated that natural and recyclable aluminosilicate can also promote the ketalization reaction to offer respective α -haloacetal in high yields in reaction times as short as 3 h at 80°C.
We next evaluated the reactivity of other diol derivatives in the acetalization of acetophenone (Scheme 3).
The reaction with butane-1,2-diol and butane-2,3-diol allowed the formation of 1,3-dioxolanes 16 and 17 in 61% and 58% yields, respectively. It has been reported in the literature that ammonium triflate-functionalized silica is an efficient and recyclable catalyst for the synthesis of 1,3-dioxanes in the presence of triethyl orthoformate and propane-1,3-diol under mild conditions. 49 However, the acetophenone survived intact under these reaction conditions even after a long reaction time (48 h). In contrast, under our optimized condition, Clay-H0.5
efficiently catalyzed the acetalization of acetophenone with propane-1,3-diol, which gave the corresponding 1,3-dioxane 18 in 58% isolated yield.
Furthermore, a higher yield was observed when 2,2-dimethylpropane-1,3-diol was employed, as the corresponding cyclic ketal 19 was obtained in 73% yield. Finally, Clay-H0.5 was also operative with propane-1,3-dithiol, providing the formation of dithioacetal 20 in 61% yield. The Gold(I)/AgBF 4 system has been proven as an efficient catalyst in the transformation of alkynes into cyclic acetals and thioacetals, using toluene as solvent. 50 Moreover, efficient methods were also developed for the preparation of cyclic ketals and dithioacetals using transitional metal complexes such as InF 3 and InCl 2 as mild Lewis acid catalysts in aqueous organic Scheme 3. Scope of alcohols using Clay-H0.5.
solvents (CH 2
51−53 Despite the great advances in this realm, these methodologies are susceptible to expensive metal catalysts, high catalyst loading, uncommon reagents, and use of organic solvents.
In contrast, Clay-H0.5 has both Brönsted and Lewis active sites, affording a synergistic catalyst in acetalization and thioacetalization without an additive under solvent-free conditions. Clay-H0.5 has particularly interesting Brönsted acid sites where chemical reactions occur. The mechanism begins with a protonation of the ketone, as shown in Scheme 4. Then a nucleophilic addition by diol takes place to form oxonium ion II. After deprotonation, the hemiacetal intermediate also protonates to produce species III, which in turn reacts intramolecularly to give the desired dioxolane. 54−58 In addition, the clay exhibits weak Lewis acid sites on its surface, due to the presence of electron-deficient orbitals of the silicon and aluminum atoms.
59,60 Therefore, silicon and aluminum atoms could also enable the acetalization reaction. [45] [46] [47] 61 As an example, aluminate intermediates are the key intermediates for the reaction (Scheme 4, bottom).
Biological activity
After having developed the synthesis of cyclic ketal derivatives over Clay-H0.5, we investigated the potential biological activities of 1,3-dioxolanes 7-9 and 11-15. These compounds were tested for their antileishmanial activities against L. major and L. infantum ( aeruginosa ATCC 27853) using the broth microdilution method for minimal inhibitory concentration (MIC) determination. The antifungal activity was tested against a yeast, Candida albicans ATCC 10231 (Table 4 ).
As shown in Table 4 , only compound 14 showed a broad spectrum of activity against gram-positive and compounds, i.e. 7-9, 12, 13, and 15. However, compound 11 showed weak anti-Candida activity with MIC value of 2 mg/mL.
According to these results, while compound 8 is biologically inactive, its analog compound 14 exhibits potential antileishmanial and antibacterial activities. The comparative biological results of compounds 8 and 14 suggest that direct structural similarity does not always imply similarity in activity. Furthermore, the presence of a bromine atom linked to the methyl group significantly improves the biological activity. On the other hand, dioxolane 11, which has the best resonance structures compared to the other synthesized cyclic ketals, has shown perfect antileishmanial activity with low anti-Candida activity.
Conclusion
We have reported a simple, efficient, and highly ecofriendly protocol for ketalization and thioacetalization reaction under solvent-free conditions at 80°C for 3 h. Clay-H0.5 has been proposed as a cheap and renewable alternative to the commercial catalyst for the synthesis of cyclic ketals. 62 Moreover, the immobilized catalyst was easily recovered and reused without significant loss of its catalytic activity. This protocol was suitable for both aliphatic and aromatic ketones, proving the high activity of the catalyst. Under the optimized condition, most of the cyclic ketals were obtained in 60%-92% yields. Thus, the successful application of Clay-H0.5 provides the opportunity to simplify the reaction system. This will bring about significant reductions in production costs and eliminate environmental hazards.
50,63−65 Synthesized 1,3-dioxolanes were then evaluated for their antileishmanial and antibacterial activities as well as for their antifungal activities. Biological results suggest that compound 11 showed significant antileishmanial activity against both L. major and L. infantum and moderate antifungal activity against Candida albicans. Furthermore, compound 14 displayed moderate antileishmanial activity, excellent antibacterial activity against four gram-positive and two gram-negative bacteria, and important antifungal activity against Candida albicans. Further investigations on the development of acetalization and thioacetalization using new activated clays are ongoing in our laboratories, which could lead to the development of even more active derivatives than compounds 11 and 14.
Experimental
Preparation of CC and Clay-H0.5
For preparation of the CC, the clay (50 g) was dispersed in 200 mL of distilled water and then subjected to vigorous stirring until complete homogenization. After separation of all organic matrixes, CC was dried and crushed in an agate mortar to obtain particles of 100 µm or less.
For preparation of Clay-H0.5, chemical activation was carried out by adding 10 g of the crude clay to 100 mL of HCl acid solution (3 M) and refluxing at 100°C for 0.5 h. Then the suspension was centrifuged and the solid was washed with distilled water until no chloride anions could be detected (Ag + test) and dried at 80°C. The Clay-H0.5 was crushed and passed through a sieve in order to obtain fine particles with diameters of 75 µm.
Catalyst characterization
In XRD, CC and Clay-H0.5 were recorded between 3°and 60°2 θ at a scanning speed of 2°/min with a Panalytical diffractometer using monochromated CuK α radiation (30 mA and 40 kV).
For infrared spectroscopy, IR spectra were recorded on a PerkinElmer model 597 instrument in the 4000-400 cm −1 region. KBr pellets were prepared by mixing 2 mg of clay with 200 mg KBr.
The microstructure of the samples was investigated with a Philips XL 30 SEM microscope.
To determine chemical composition and structural formula, the clay was dissolved with three strong acids (HCl, H 2 SO 4 , HNO 3 ) at 3:1:1, respectively. The mixture was heated in a sand bath until everything went into solution except the silica. It was removed by filtration and dried. The silica content was then determined gravimetrically. Al 3+ cations, Fe 3+ , Mg 2+ , and Ca 2+ were determined by atomic absorption.
To determine cation exchange capacity, the CEC was determined by the Kjeldahl method. Accordingly, 200 mg of sample was exchanged with ammonium acetate (1 M) three times and then washed with anhydrous methanol; a final wash was performed with deionized water three times. The amount of ammonium retained was determined using a Kjeldahl unit. The CEC is expressed as milliequivalents per gram.
For Brunauer-Emmet-Teller (BET) surface and pore volume analysis, nitrogen adsorption measurements were performed at -196°C with an Autosorb-1 tool (Quantachrome) for the determination of sample textural properties using the multipoint BET method. The samples were outgassed at 120°C under a vacuum at 10 −3 mmHg for 3.5 h.
Synthesis of cyclic ketal derivatives
Diol (4 equiv., 4 mmol), ketone (1 equiv., 1 mmol), and Clay-H0.5 (10 wt.%) were added successively into a 100-mL autoclave. The reaction mixture was carried out at 80°C for 3 h under solvent-free conditions. After the reaction, the crude mixture was filtered to separate the catalyst. Distilled water (20 mL) was added to the mixture and the aqueous layer was extracted with CH 2 Cl 2 (3 ×15 mL). The organic phase was dried over Na 2 SO 4 and filtered, and the solvent was removed under reduced pressure. Purification via column chromatography (SiO 2 ) afforded the desired products.
Antileishmanial activity
Leishmania major (LC04) and Leishmania infantum (LV24) strains were cultured in RPMI 1640 medium (GIBCO-Invitrogen) supplemented with 10% heat-inactivated fetal calf serum, penicillin (100 U/mL), and streptomycin (100 µg/mL) and incubated at 27°C in a humidified atmosphere with 5% CO 2 .
Promastigotes at the stationary growth phase were seeded at 2 ×10 5 parasites per well in 100 µL of growth medium. Twofold serial dilutions of tested compounds were added and incubated at 27°C for 72 h. The parasitic viability was measured using the MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide) test. After 4 h of incubation, formazan crystals were solubilized with pure DMSO and estimated spectrophotometrically at 570 nm using a microplate reader (Bioteck). Antipromastigote activity was expressed as IC 50 values, i.e. the concentration of the compound that inhibits the growth of promastigotes by 50%. Negative and positive control corresponding to untreated and amphotericin B-treated parasites respectively were added. 66 All tests were performed in triplicate.
Cytotoxicity of 1,3-dioxolanes was evaluated on murine macrophage cells (Raw 264.7). Macrophages were maintained in RPMI-1640 medium supplemented with 10% FBS, antibacterial solution, and antifungal solution (GIBCO, USA) and were incubated at 37°C in a humidified 5% CO 2 atmosphere. Macrophage viability was controlled microscopically by counting cells after staining with 0.1% trypan blue solution. Macrophages were initially seeded in 96-well tissue culture plates at 10 5 cells/well and allowed to adhere overnight. The medium was then replaced with a fresh one containing different concentrations of 1,3-dioxolanes (from 0.48 µg/mL to 1 mg/mL). After 72 h of incubation at 37°C, viability was estimated by MTT test as described above and selectivity index (SI) was determined as the ratio of IC 50 macrophage/IC 50 parasite.
67,68
The results were expressed as mean ± standard deviation (SD) and statistically analyzed using Student's t-test by Microsoft Excel software. Differences were considered significant at P <0.05. IC 50 was calculated by a nonlinear regression equation in GraphPad Prism. 
Antibacterial activity
2-Methyl-2-phenyl-4-ethyl-1,3-dioxolane (16):
The reaction mixture was stirred for 3 h at 80°C.
Purification by flash column chromatography on silica gel afforded a mixture of regioisomers (116 mg, 61%). 
